We report experimental hyperfine structure constants of levels in the neutral manganese atom, measured using Fourier transform spectroscopy of hollow cathode discharges. In total, 208 spectral lines of astrophysical interest have been analyzed to obtain hyperfine structure constants for 106 levels in Mn i, of which 67 have no previous hyperfine structure measurements. The uncertainties in the magnetic dipole constants, A, are between 1 ; 10 À4 and 5 ; 10 À4 cm À1 . Hyperfine structure constants for an additional 18 levels compiled from the literature are also given.
INTRODUCTION
A number of new satellite-borne and ground-based spectrographs on telescopes can now fully resolve many features in stellar spectra. In addition to the basic atomic data of wavelength and oscillator strength, the analysis of astrophysical spectra requires information on line broadening effects such as hyperfine structure (HFS), isotope shifts, and Zeeman effects. Such effects cause the line profile to increase in width and the peak intensity of the line to decrease. The line will also appear asymmetric and will no longer be described by a simple Voigt profile. Failure to account for such effects will result in the incorrect measurement of the wavelength and a miscalculation of the equivalent width measured in stellar spectra. This can lead to an incorrect calculation of the abundance of Mn in stars. For example, Jomaron et al. (1999) showed that the abundance of Mn in HgMn stars is overestimated by 2 to 3 orders of magnitude if HFS is not taken into account and, even if a crude estimate of the HFS is made, the derived abundance can be overestimated by a factor of 4. The major component of uncertainty in their estimated abundance was the lack of accurate laboratory HFS measurements. As a result, synthetic spectra from stellar atmospheric models that fail to take into account such line broadening effects show a marked deviation from observation (Kurucz 1993) .
In this paper we present new measurements of the magnetic dipole splitting constants, A, and electric quadrupole splitting constants, B, for levels in neutral manganese. More than half of the Mn I levels give rise to strong observed transitions in the solar spectrum (Moore et al. 1966) , and an accurate measurement of these HFS constants would be a great aid to stellar analysis. Lines of Mn i are even stronger in HgMn stars, where the abundance of Mn can exceed that of Fe. In total, 56 of the 124 levels presented in this paper have previous laboratory HFS measurements. A small number of these measurements were high-resolution laser measurements with an uncertainty of AE5 ; 10 À5 cm À1 , but the majority used lower resolution techniques and have uncertainties as large as AE300 ; 10 À5 cm À1 .
Our new measurements cover the wavelength range 1913 8 to 5.1 m (52,250 to 1956 cm À1 ), with an uncertainty between 1 ; 10 À4 and 5 ; 10 À4 cm À1 . They are part of a more extensive analysis of the Mn i spectrum (Blackwell-Whitehead 2003) . The wavelengths and energy levels are being published separately (R. J. Blackwell-Whitehead et al. 2005a, in preparation) , as are new measurements on Mn i oscillator strengths (R. J. Blackwell-Whitehead et al. 2005b, in preparation) .
PREVIOUS WORK ON THE HYPERFINE STRUCTURE IN Mn i
Two significant early experimental hyperfine structure measurements in Mn i were reported by White & Ritschl (1930) and Fisher & Peck (1939) using optical spectroscopy. They measured A constants for 35 levels in the 3d 5 4s( 7 S )nl, 3d 5 4s( 5 S )nl and 3d 6 ( 5 S )nl configurations, with uncertainties between 0.001 and 0.005 cm À1 . Since these early papers there have been publications by the following authors: Murakawa (1955) , Woodgate & Martin (1957) , Rottmann (1958) , Walther (1962) , Davis et al. (1971) , and Luc & Gerstenkorn (1972) . The accuracy of these measurements and their application to astrophysics was discussed in a paper by Beynon (1977) . The work by Davis et al. (1971) produced the most accurate measurements so far on the ground state of Mn i, 3d 5 4s 2 a 6 S 5/2 . Since Beynon's review paper, high-resolution measurements of HFS have been made by Dembczyński et al. (1979) , Johann et al. (1981) , Kronfeldt et al. (1985) , Brodzinski et al. (1987), and BaYar et al. (2003) using laser techniques, and by BlackwellWhitehead (2003) and Lefébvre et al. (2003) using Fourier transform (FT) spectroscopy. The HFS measurements by Blackwell-Whitehead (2003) are included in the current paper.
In the recent HFS measurements by BaYar et al. (2003) several of the levels were found to have a nonzero value for the quadrupole constant B. However, the value of the quadrupole constants are an order of magnitude smaller than the dipole constants and are of the same order as the uncertainty in the measurement. For the majority of the levels presented in this paper, the quadrupole constants were found to be zero to within the uncertainty of our measurements.
EXPERIMENTAL PROCEDURE
Three spectrometers were used to record the Mn i spectrum. The region from 1913 8 to 8437 8 (52,274 to 11,849 cm À1 ) was recorded with the Imperial College (IC) ultraviolet FT spectrometer (Thorne et al. 1987 ) and the IC vacuum ultraviolet FT spectrometer (Thorne 1996) . Spectra were recorded with a resolution of 0.04 to 0.055 cm À1 , which is sufficient to fully resolve the Doppler broadened line profiles of the transitions. The infrared (IR) and visible regions from 3333 8 to 5.5 m (1800 to 30,000 cm À1 ) were recorded at the National Institute of Standards and Technology (NIST) with the NIST 2 m FT spectrometer (Nave et al. 1997 ) using resolutions of 0.008 to 0.03 cm À1 . A water-cooled hollow cathode lamp (HCL) was used as a source for the manganese spectra (Learner & Thorne 1988; Danzmann et al. 1988 ). Owing to the brittle nature of pure manganese, the cathodes were made of an alloy of 88% Mn and 12% Ni for the IC measurements, and an alloy of 95% Mn and 5% Cu for the NIST measurements. The hollow cathode was run at a current of 500 mA, with 90 Pa of Ar or 340 Pa of Ne as a buffer gas. The HCL discharge was more stable with a Ne buffer gas and gave spectra with a better signal-to-noise ratio.
One of the advantages of measuring the Mn i spectrum over such a broad wavenumber range is that it allows the observation of many transitions to and from a given energy level. This redundancy reduces the possibility that blending from unknown lines will affect the results, and it increases the accuracy of the measurements. For example, the HFS constants for the level 
HYPERFINE STRUCTURE ANALYSIS
Manganese has only one stable isotope, 55 Mn, but that isotope has an odd number of nucleons with a nuclear magnetic moment of 3.4687 nuclear magnetons and electric quadrupole moment of 0.32 barns (0:32 ; 10 À28 m 2 ) (Lide 2003) . The interaction of this magnetic moment with the electron field splits the energy levels into the smaller of 2J þ 1 or 2I þ 1 components, where I is the spin of the nucleus (5/2 in manganese). In the absence of perturbations the energy of a HFS level is 
, as seen in the infrared FT spectrum. Sugar & Corliss (1985) . The values given are preliminary values based on our FT spectra.
where W J is the energy of the fine-structure level of quantum number J; A and B are the magnetic dipole and the electric quadrupole hyperfine interaction constants, respectively; and K is defined as
where F is the quantum number associated with the total angular momentum of the atom:
The majority of the spectral lines in Mn I display observable HFS, and for some of the spectral lines the HFS is quite pronounced. If one of the levels has large dipole constant and the other has a very small dipole constant, the line profile forms a ''flag'' pattern as seen in Figure 1 . In most cases the HFS components are not so regularly spaced and the line profile can take many asymmetric forms.
The interferograms from the FT spectrometer were transformed and phase corrected with the program Xgremlin (Nave et al. 1997) , which was also used to determine the dipole and quadrupole constants A and B. The Xgremlin program incorporates the HFS fitting routines of Pulliam (1977) to fit up to three transitions to a spectral feature. There are eight parameters that may be either fixed or allowed to vary: A and B of the upper and lower levels, the center of gravity (CG) wavenumber of the line, the peak intensity of the strongest HFS component, the full width at half-maximum (FWHM) of the HFS components, and the ratio of the Lorentzian width to the total width. Initial values of these parameters for each transition are either estimated or obtained from previous measurements. The program then refines these values with an iterative least-squares fit.
Figures 2 and 3 show an example of the fit of well-separated and heavily blended features in the Mn spectrum. In both cases the lines are due to transitions from the 3d 5 4s( 7 S )5d f 8 D term of which only the f 8 D 11/2,9/2 levels had been resolved in previous work (Sugar & Corliss 1985) . Figure 2 shows three features due to the transitions f 8 D 9/2,7/2,5/2 -3d 5 4s( 7 S )5p y 8 P o 7=2 , which are well-resolved in our FT spectra. Fitting the HFS of these three transitions, together with similar transitions to the y 8 P o 5=2 and y 8 P o 9=2 levels, gives dipole constants with uncertainties of between 4 ; 10 À4 and 1:5 ; 10 À3 cm À1 . However, the f 8 D 3/2 level can only be determined from two heavily blended transitions near 6720 and 34,300 cm À1 . Of these, the one at 34,300 cm À1 is less heavily blended and thus gives a more accurate value for the energy level and dipole constant, even though the Doppler broadening is much larger in the ultraviolet region. Figure 3 shows a fit of three transitions to this feature. By fixing the positions and hyperfine components of the two other transitions it was possible to obtain a dipole constant and energy for the f 8 D 3/2 level. However, the uncertainty is greater than the uncertainties of the other f 8 D dipole constants because of the blending.
The uncertainty in the dipole constants depends on a number of factors. The principal component of uncertainty is the calculated position of the HFS transition components. For weak transitions with a S=N < 10, the wavenumber uncertainty can be large because some component lines may fall below the noise level. However, the uncertainty decreases considerably as the S/N increases. The ratio between the HFS line width and the HFS line separation is also an important factor in determining the uncertainty. A line profile with separately resolved components has a lower uncertainty than a profile with blended components or features from another transition. In practice, several different transitions are used to measure the dipole constant for a single level, and the final value is a weighted average of the values determined from the line profile fits. The weighting factor is based on the S/N of the individual line fits such that the average dipole constant A av is given by
where N is the total number of measurements for a particular level. The uncertainty in the dipole constant, ÁA av , is determined from the standard deviation of the individual values:
The resulting uncertainties are similar to those obtained from the uncertainty in the fitted parameters. Where there is only one measurement for a particular level the uncertainty is determined from the uncertainty in the parameters determined using Xgremlin. For the majority of the lines measured in the new analysis it was found that including the quadrupole constants B of the levels did not alter the fit of the line profile beyond the uncertainty of the calculation. For a small number of the levels, [e.g., 3d
7 e 4 P j and 3d 5 ( 4 G)4s4p( 3 P) y 4 F o j ] the quadrupole constant was of the same order as the dipole constant and the quadrupole constants for these levels are given in Tables 1 and 2 .
RESULTS
The new experimental HFS constants of even-parity levels of Mn i are presented in Table 1 and those of odd-parity levels in Table 2 . We have concentrated on levels that give strong identified lines in solar and stellar spectra (Wallace et al. 1993 (Wallace et al. , 1998 Livingston & Wallace 1991) , but for which previous data for HFS constants is either inaccurate or unavailable. In total, 208 spectral lines were measured and the profiles fitted to obtain the hyperfine structure constants for 106 levels. Duplicate measurements of a line were made, where possible, in spectra recorded in both Ar and Ne buffer gases in order to account for possible blends. The total number of line profiles measured was 337. The theoretical calculations of Beynon (1977) of the HFS of levels in the 3d 5 4s( 7 S )ns configurations suggest that some of the HFS levels deviate from the Landé interval rule. The effect is expected to be smaller than our uncertainty and we have not observed it in any of our measurements.
The first three columns of Tables 1 and 2 give the configuration, term and J-value of the energy level. Column (4) gives the energy of the level, taken from Sugar & Corliss (1985) . Our experimental value for the dipole constant A is given in column (6), with the estimated uncertainty (1 standard deviation). Column (7) contains our experimental quadrupole constants B with the uncertainty. Columns (8) and (9) give the best previously measured values for the HFS constants, together with the reference in column (10). If two separate measurements have been published of comparable uncertainty, then both references are given. These columns include 18 levels that were not measured by us but that we have used in our fitting procedure to derive HFS constants for (Meléndez 1999) . If the HFS is neglected it can lead to errors of the order of 25% in the oscillator strength for even the weaker lines (Booth & Blackwell 1983) . Prior to the work of Meléndez (1999) , the published dipole constants for the a 4 D 7/2-1/2 levels were measured using photographic plates and had an uncertainty in the dipole constants of 0.002 cm À1 . The best previously measured dipole constant for the 3d 6 ( 5 D)4s a 4 D 1/2 level (White & Ritschl 1930) was almost a factor of 2 smaller than our value. Meléndez determined the A constants for both terms using solar spectra (Livingston & Wallace 1991 were not included in the analysis of BaYar et al. (2003) . In addition, BaYar et al. (2003) note that the parameters used to calculate the HFS in the 3d 7 e 4 P j levels were based on the parameters used for the 3d 5 4s 2 configuration because there are no known experimental HFS values for levels with the 3d 7 configuration. A renewed theoretical analysis of the Mn i HFS including the new experimental results of the present paper is required.
SUMMARY
We have analyzed the HFS of 208 lines of Mn i and used this analysis to derive magnetic dipole and electric quadrupole splitting constants for 106 levels. Of these levels, 67 have no previous laboratory measurements of HFS constants. The uncertainty of the measurements ranges from 1 ; 10 À4 to 5 ; 10 À4 cm À1 and is an order of magnitude smaller than previous measurements for some of the levels. 
